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ABSTRACT

A two dimensional diffusion model is developed to study the
spread of the exhaust contaminants from the Lunar Module (LM) into
the lunar atmosphere., The rarefied ambient lunar atmosphere is
treated as an exosphere. The model assumes that the exhaust gas
molecules diffuse along the surface as a result of collisions with
the surface. The loss mechanisms considered are interactions with
the solar wind and solar photons, thermal evaporation, and ad-
sorption to the lunar surface. It is shown that during the IM
stay~-time, the contamination of the atmosphere is both appreciablé
and nonuniform in distribution, with the subsequent trend toward
a uniform distribution proceeding at different rates for differént

exhaust gas species.
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I. INTRODUCTION

In this report, the variation of the tenuous lunar atmosphere
with time and position is investigated as a function of the sources
of lunar atmospheric gases that also véry with time and with posi-
tion. As an example, the contamination of the lunar atmosphere by

the Apollo mission rockets is calculated.

Variations in the lunar atmosphere wmay arise from variations
of the (natural and artificial) sources of gas, or from changes in
the environment. Changes inAthe atmosphere due to point sources of
gas are herein considered as functions of time and position, with
changes in the environmental parameters such as lunar surface tem-
perature and the solar wind intensity and velocity introduced only

on a steady-state basis.

To make the problem tractable, two models of lunar atmosphere
variation have been adopted. The first model assumes that all
quantities are independent of latitude and longitude on the moon,
and finds a space-independent time variation of the atmospheric
gases as a function of solar wind intensity and surface temperature.
In the second model, point sources are introduced at arbitrary '
positions on the moon, and some of the environmental parameters
have a simple dependence with position on the moon; an appropriate
diffusion equation is solved to give the atmospheric species density
as a function of positlon on the lunar_surface, solar wind intensity,

and time,

As an example of variations due to aréificial sources of gas,
manned and unmanned expeditions to the moon will introduce contami-
nant gases into the amb.ent lunar atmosphere. Dominant among these
will be the exhaust gas:s from large, manned lunar landing vehi-

cles. In particular, the Lunar Module (ILM) will exhaust a



relatively large mass of gas in its descent to the lunar surface.
These gases can produce significant varlatlons in the rarefied
patural atmosphere for appreciably long times. To interpret the
measurements that will be made of the gases in the lunar atmo-
sphere during and after the IM stay on the moon, estimates are
made in this report of the contamination of the ambient lunar
atmosphere by the exhaust gases. Adopting, as a source function
for the atmospheric contaminants, the appropriate fraction of the
space and time distribution of the LM gases striking the lunar
surface, calculations have been made of atmosphere contamination

by means of the two models introduced above.

In the folldwing sections, the space-independent and space-

dependent models (I and II, respectively) of atmospheric variation

are formulated and the basic gas distribution equations are solved.

This formulation holds for both natural and artificial sources,
withiﬁ the limitations of the two models. The atmospheric source
and loss mechanisms are discussed, with particular attention to
the contaminant gas species produced by the LM rocket exhaust
hitting the moon's surface. Numerical results are then presented,
for this particular case of lunar atmosphere variation due to the
Apollo mission, in the form of graphs of the atmospheric contami-
nant distribution with position on the moon and time after initial
ignition of the IM descent rockets. Finally the contamination

implications are discussed.

During the IM stay-time, the contamination of the atmosphere
is shown to be both appreciable and nonuniform in distribution,
with the subsequent trend towird a uniform distribution proceeding

at different rates for diffeient exhaust gas species.
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II. MODEL FORMULATION

A. Model I - Time Dependence Only

1. Assumptions

‘A simplified model is adopted as a first attempt at a theoreti-

cal treatment of the variations produced in the density of the

tenuous lunar atmosphere by different source and loss mechanisms.

In this model it is assumed that the particles of each gas species

in the lunar atmosphere: 1) are contained in the volume, V, be-

tween the surface of the moon and a surface at scale height, h,

defined below; 2) have a number density, n, that is uniform
throughout V at a given time, t, so that n 1is a éunction

only of the time and is independent of the space coordinates within
the volume, V. Further, it is assumed that the natural sources
and any artificially introduced sources are uniformly distributed
over the lunar surface, from which they are emitted into the atmo-
sphere at the temperature of the surface that is taken as constant.
The atmosphere is assumed to be isothermal, and to have the same
temperature, T, as the surface (T = 300°K for all our calcula-

tions here).

Because the lunar atmosphere is extremely rarefied, it is
assumed that the atmospheric gas particles do not collide with one
another but only with the lunar surface and the incoming solar wind

particles and solar photons.

For a source or sources of finite life, this model should give

1

the as ic values of the atmospheric gas densities approached

1e asymp
by more sophisticated space-dependent distribution models because
the mean free path of the gas molecules is very large and uniform

distributions are approached after long times.




2. Equations

If the total number of particles, N, of a given species of
gas is contained in the volume, V, between the surface of the

moon (of radius ro) and a spherical surface at height h, then

N =nv,

where n is the number density of the gas species in question and

the "scale volume" is

4|

V= 37 [(ro + h)3 - rg} s

while the "scale height" for a gas of particles of mass, m, 1s

ho= XL,
mg

The number density, n, is taken as constant throughout the
volume, .V, and therefore it also represents the average number
density at the surface. Then, in this simple model, n is time

dependent only and its time rate of change is given by

dn _ 1 |
at + An = v (B + Q(t)]., (L
where

An = the number of particles of a given species of
gas lost per second from the atmosphere via
processes such as collisions with solar wind
particles and solar photons and thermal

evaporation

B = the number of particles of a given gas species

emitted per second into the atmosphere from the

lunar surface due to:

o B e B B B == I o R v g eve. e I s B oo NN -ovevs B v SR oo S st Y s Y ez 2 €3
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a) neutralization and diffuse reflection of

solar wind ions at the surface

b) actual steady-state sources in the lunar

surface crust.

C(t) = the number of particles of a given species of
gas emitted per second from additional, time-

dependent, sources-on the lunar surface.

Assuming that the gases from the time-dependent sources are emitted

from the lunar surface at a constant time rate and then stop, we
let |

c(t) = D, - udt) , (2a)

where U(t) is the step-function of time

1, O <t
ey = 4 - (2b)
. 1 0 t>T .

T 1is the total time interval during which this gas is being

emitted, and

D1 = number of particles of a given species of this
gas emitted per second from the lunar surface
over the time interval 1 [see Egs. (40) and
(47) below].

3. Solutiomns’
The solutions of Eq. (1) in the time interva's of Eq. (2b)

are found by well-known integration techniques. If n = n, at
t = 0, then



At

n(t) e'F = t

(B + c(t)] eA dt + n_ .

< =

0

If ¢(t) is defined by Egs. (2), then

for t < T

B+D

B+D
-A
n(t) = ——Kg—l + e t {no " TRV l] . (3)
Eor t 2 :
’ AT
: B-D,(e -1)
-A
n(t) = f% + e t {no - 1AV } . (4)

It is clear from Eq. (&) that for times, t, very long com-
pared to T,

n(t) —
t >> 1
t - @

which shows that in this simple theory there is no residual effect
of the gas species from time—dependent sources (Dl) and the parti-

cle density attains an equilibrium value at sufficiently long times.

Furthermore, B = 0 for those gas species that cmanate solely
from time-dependent sources, Dl’ and for times, t, less than
or cqual to v, it is clear from Eq. (3) that

D

1 -At
n(t) = ", (L -e

) s (t <™

when n = 0. In addition, if the loss rate, A, for these gas

species is small enough that 71 <K 1/A, then fo1 times, ¢, less
than or equal to 7,

N

3

— o O U3
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n(t) ~ <~ - | | )

~Also, under these same assumptions that B = 0, n, = 0, and

T <K 1/A, it is clear from Eq. (4) that for times, ¢, greater
than T,

n(t) » . | - ®)

Thus, for those species that emanate solely from the time-
dependent sources (Dl) and for which their loss rate is such
that 7 << 1/A, the plot in Fig. 1 of Eqs. (5) and (6) shows

their simple linear build-up and subsequent exponential decay.

n(t)

D1T/V

DIT/Ve s

i S

0 T 1/A t

Fig. 1 Variation of the Particle Number Density with
Time as Given by Equations (5) and (6)



Furthermore, it is seen from Eq. (6) that when T < t << 1/A,
the particle density is approximately independent of t:
n(t) ~ DlT/V .

[From Eqs. (40) or (47) below it is seen that n(t) is also inde-

pendent of T in this time interval.]

These general features are evident in the Figs. 5 through 15

of Section IV.

B, Model II - Space and Time Dependence

1. Assumptions

In this model an attempt is made to obtain the spatial distribu-
tion of gases in the lunar atmosphere as well as their temporal fluc-
tuations. From an initial distribution of gas sources on the lunar
surface, the gas particles undergo a three dimensional diffusion into
the thin lunar atmosphere., The gas particles move in btallistic tra-
jectories between collisions with the surface. Collisions between

gas particles may be neglected because the gas-gas mean free path is

large compared to the gas-surface mean free path., A three dimensional -

diffusion process is mathematically complicated because of the pres-
ence of gravitational forces and intricate particle trajectories be-
tween collisions, so we consider instead a reasonable two dimensional
model of the diffusion. 1In this, the gas particles are assuméd to
diffuse only along (parall:l to) the lunar surface from constant
temperature sources on the surface. The diffusing molecules suffer
losses due to interactions with the solar wind particles and solar
ultraviolet photons, thermal evaporation, and also due to adsorption
on the lunar surface. Also the particle density is assumed uniform
in the vertical column of scile height, h, above each point on the
surface, For sources of firite life, as the diffusing particles
approach a uniform distribution over the lunar surface, the atmo-

spheric densities should approach those of Model I,

 imes: TN oo TN ovwior BN snavo; RN swivoiie BN it

earm




2. Equations

Choosing the diffusion coefficient D as a constant for each
species of exhaust gas, the diffusion equation for the particle

density n (particles/cn?) is

Q/

n

& - pv’n + q(r,0,9,t) + K, L

where q is a source term (cmf3séc-1) that is not explicitly

dependent on the number density, n, at each point (r,6,9),

1

and K is the time-rate coefficient (sec ) of the loss term

that is explicitly n dependent. The constant diffusion coeffi-

cient D is given by

D = % Av ,
where
A = mean free path of a gas particle
v = velocity of‘reemission of a gas particle from

the lunar surface.

The three dimensional diffusion problem, Eq. (7), is now re-
placed by a two dimensional model.of diffusion on a spherical sur-
face. 1In this, the molecules are assumed to diffuse only along
the lﬁn;r surface, r = x . 'They suffer losses of K n| particles
per cm  per sec, where n 1is the surface particle density in
units of cm s due to interactions with solar wind particles,
solar ultraviolet photons, thermal evaporation at the top of the
atmosphere, and also due to adsorption when the diffusing mole-
cules strike the surface. It is assumed that the surface sources
of the diffusing gas molecules are represented by the function
q'(e,m,t) in units of cm-zsec-l, where q'(G,Q,t) is not ex-

t
plicitly dependent on the particle density n at each point




(,9) on the surface. Finally, choosing the diffusion coefficient
D‘ as a constant for each species of gas, we obtain the two
dimensional diffusion equation by analogy with Eq. (7):
o t
Lok +q' (e, + KA, 8

where V% is the two dimensional Laplacian operator on a spheri-

cal surface

1 32

3 =)
sinze 8@2

{ o 35 (sin 0 55)

NN

6HNJH.

1
The constant diffusion coefficient D is given by

where

A = a gas particle's mean free path along the

lunar surface, and

v = the veldcity of reemission of a gas particle

from the lunar surface.

The solution n‘(ro,e,w; t) of Eq. (8), under the pfoper
initial and boundary conditions, together with ‘the assumption
that the particle density is uniform in the vertical column of
scale height h above each point on the surface will yield the

_ ; -
- volume number density n(r,6,9; t) = n (ro,9,¢; t)/h in cm 3.

The initial condition on Eq. (8) is

t 1
n (9,9 0) =n_, &)

where n_ = surface number density at time t =0 due to the

ambient atmosphere such that

10
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n = no(r,G,Q; 0) dr .

Taking the origin of the spherical polar coordinates (r,G;Q)
at the center of the moon and a point L on the surface as the

pole, the boundary conditions on Eq. (8) are:

o : . .
n (6,9; t) =n (27 + 6,9; t)
* (10)
1 1
n (6,9; t) =n (6,9 + 21; t)
3. Solutions
To solve Eq. (8), we let B = cos 6 and take n', q‘ as
9@ independent; then
1 1
n (6,9; t) =n (u,t) ,
1 t
q (6,9; t) = q (K,t) ,
and Eq. (8) takes the form
on' (b, t) p' 3 2, dn' ' ' A
ot = rz d, (1 - p%) du +q (u,t) + Kn . (11)
o

Integrating this equation over t from 0 to « by the

Laplace transform technique, we obtain

Pn‘ (w;p) - n‘ (1,0) =

1
2 dn 1 1 1
+q (u,p) + Kn ,

I_ d - dn_
dLL{(1 L) au

1

o3 O I

where the Laplace transform n‘(u,p) of nf(u,t) is defined by

11



1 -pt ! ’
n (k,p) = e Pt n (u,t) de ;

and upon regrouping the terms

2 2
r v Tl t
+ _?‘(p - K)n = —?{q (L,p) + n (U':O)] . (12)
D D

The first term on the left side of Eq. (12) contains the Legendre
operator € (Ref. 1), with the eigenvalues 2(£ + 1), £=0,1,2,.,.

— . 1 —
! d _ 2y dn t _ ! '
=" {(l S ] =4 + n , (13)

Thus, Eq. (12) can be written in the form

[@- o @] =Fwup) , (14)
where
2
ro 1
o (p) = - -K),
D
and (15)
2

a

F(u,p) = "?‘{l'(u,p) + n'(u_,O)} .
D |

The normalized eigenfunction solutions to Eq. (13) are (Ref. 1)
N
22+ 1
8,(n) = (‘ 5 ) Py()

where Pz(u) are the Legendre polynomials and the orthonormality

and closure conditions on the ©, are, respectively,

12
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+1

@E(H)(az'(u) dup = 6,6,@'

-1

o]

) 8, ) = 5w - ')
£=0

It then follows that the solution of Eq. (14) is given in

terms of a Green's function 'Gw by:

0
+1
_T A 1 b 1
n (p,p) = G, (s )F(u ,p) du (16)
(o]
-1
where
0,6, \")
' o B A
Gy (hp) = )~ ~oan
o) -0 .
and

w=2(£+ 1) .

Using Eqs.(l5), the explicit dependence on £ and p ‘of
the Green's function in Eq. (17) and the solution .n'(u,P) are

obtained:

8

1
! e,Wwe, k)
. RS
G, (,n' ,p) = 25 , ) (18)
1
o 4=0 p - K +9-2-z(z+-1)
r
(o]

13



- +1 :
Y — 8, Y
1 : 2 t ! ! 1 1 1
n (LP) = ) T oy 0,k )|a (wyp) + 0 (1 ,0)|dn , (19)
£=0 -1
where
1
1 D .
az = - K + ;512(2 + 1) . (20)
0

Taking the inverse Lapiace transform of Eq. (19),

iete
1 1 , -—T t
n (g,t) = Py n (u,p) ef dp Re t >0,
=Lorte
choosing the path of integration in the p-plane as indicated in
Fig. 2,

—_— |
/// I
// '
v |
v {

e
s |
p - Plane }
. / l
/' y '
| g €l
\ ag I
\ |
\ |
\ |
\\ |
N |
N |
~ |
~ |
\\\ ‘
\\\§_~~_J

Fig., 2 Path of Integration in the p-plane

14

e T ovces B s R ==+ TR v B s B vwors B e SRR v v Y oo SR wooui ) ot Aot ¢ € 3 e &D {



&3 & £

and letting e - 0, we obtain

+3i 0
' 1 1 t
n o (u,t) = 55 n (u,p) e ap
-io
+1 +ico ___
C ' [ q (u',p)
I S ’ pt
= ori Z 0, (1) 0, ) P+ a, e~ dp
.
-1 =i
410
1
n (p »0) 1
pt .
+ P+ a, e " dpl du
-ico
or-
- +1
t t |' ! 1 ’| 1
n (“’:t) = Z ez(ii) 93(“ )le(l—L :t) + Rz(u :t)J dp '(2]-)
£=0 -1
. where
dic
' 1 q' @',p) pt
= A A= sF/) P
Qz (U- :t) - 277.1 P + ag e dp (22)
-io
+ico
1 1
' 1 n (p,0) pt 1 Ta,t
Ry(byt) = 55 mz_ e " dp=n (p,0) e . (23)
i
15
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Then, the solution of Eq. (11) in analytical form is

e = ) ews,m +T,m], (24)
=0 ’
where
_ +1
s, = | e,wHe,k e a (252)
-1
and
+1
"a,t N '
Tﬂ(t) =7 = ®£(l~" n (o ,0) dp . (25b)
-1

To obtain an explicit expression for the solution, Eq. (24), we

. 1

must now assume explicit functional forms for q (p,t) and
1

n (1,0).

Let us start by assuming that the space and time parts of the

source function can be seriarated and written as

q (e = q,Wa (o) . (26)

The Laplace transform of Eq. (26) is

—— ——

q (1,p) = q,()a, (p)

16
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Substitution of this equation into Eq. (22) yields

i — pt
. 1 1 q.(p) e
Qlu ,t) =357 qu(u ) -;;qr;i;-‘ dp (27a)
"j_oo
Now, assuning that q;(p) has no poles in p, and applying
Cauchy's theorem we obtain '

1 1 v 1 -afzt |
Qu ,t) = q,(w) q.(-ay e . ) (27b)
Using Eq. (27b), Eq. (25a) becomes
+1
K -agt ! 1 t !
S,(t) = q.(-ay) e 0y )q, () du (28)
-.1'

We now take the source function q‘(u,t) [Eqs. (11) and (26)]
to be a point source at the pole Oi = 0 on the lunar surface.
We assume that it is "turned-on" br%efly at time ¢t and proceed
to find the surface distribution n (p,t), at times t > tys of -
the gas molecules that diffuse from this point source. From the
functional form of this distribution, we will generalize later to
the distribution due to a point source at any point (Gi,wj) on
the lunar surface. Finally, we will sum over the contributions
from all the point sources to obtain the surface distribution

|} .
n (u,t). Therefore, we start by taking a point source at the pole
(6, = 0)

q, () = ab - 1) (29a)

17




at time ¢t = tk

1 1
and note that qu(u) and qt(t) have the dimensions cm 2

sec =, respectively.

1
qt

Furthermore, we assume that the surface

(£) =5 -t ,

i
?

|

!
i
)
}
7
i
i
{
i
i

(29b)

distribution of gas molecules is zero before the source is "turned-

on" at t = tye In particular, at - t = O,

It follows from Eq.

n'(g,O) =0

(29b) that

v ‘ptk
qt(p) = e .

Using Eqs. (30) and (29a), we obtain Eq. (28) in the form

. +1
-aﬂ(t-tk) . . .
Sy(t) =q e @, )5 - 1) do .
-1
Thus,
-a,(t-t,)
_ AL
Sz(t) = q0®z(1) e
~ 2 + 1 “2ptty

Also, the substitution

18
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(30) .

E2Y)

(32)

(33)
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Recalling that the solutions for §,(t) and T,(t) given in

Eqs. (32) and (33), respectively, are for a point source at the

pole (ei = 0) on the lunar surface, the substitution of these

1
into Eq. (24) will give the surface density n (p,t) of the gas
diffusing from this point at times t > t,. Therefore, for t > tyes

1K'+ a0y | (et

1 L+ L r X
n (p,t) = q 2 N4 2 2 L 8,(L) e ° (34a)
£2=0 > .

and for ¢t S tk’

n (ut) =0, (34b)

where we have used Eq. (20) and have taken cognizance of the fact
1
that K 1is a negative quantity since it is the loss rate of the

diffusing particles.

Introducing the step function

1
U (£ - tk) =0 for tStk

=1 for t > tk s

Eqs. (34) can be combined into one equation for. all t > 0:

: T 20 4 1
n(,t) =q, ) Vv T e,W
£=0
[ ! 1
b1, . D
-i |K | +55 £(%+1) (e-t,)
r .
e l ° Ut -t o, ;=0 (35)
19




Generalizing from this result, it is clear that the contribu-

tion to the surface density at an observation point P(6,9)

a point source of strength (in cm-?') qoijk

from
t

at P (6.,9, de-

it P (6;,9,)

pends only on the angle a between P and P  (cf. Fig. 3 below)

and the time interval (t - tk)'

Lem Touchdown

Fig. 3 Lunar Coordinate System for Model II

Therefore,

o]

! N 24 + 1
nijk(e,ip,t) = qoijk L =5 @z(cos a)

£=0
-{IK'I+-QE L(4+1) | (e-ty)

r
o

]
e . U(t-tk),

20
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where q . is defined in Eq. (4lc) below, and-
oijk ' .

cos o = cos O cos Qi + sin 6 sin Gi cos (9 - Qj) .

The total surface density at a point P(6,9) at time t > ty

~of a given species of diffusing gas is the sum over all the point

~source contributions (36):

R . 1 ' . :
n(9,9,8) =. ) (0,98 . (37)
| 1,35k '

It should be made clear that Eq. (37) is applicable to all
points, P, that are not source points and are at least several
1
mean free path lengths A (Fig. 3) distant from a point source

so that the diffusion theory is applicable.

" If one makes the assumption that the distribution is the same
throughout the scale height, h, above the surface point 6,9
as it is at this surface point, then the volume density n(r,6,¢; t)

of a given species of diffusing gas is obtained from Eq. (37) by

.
: n (xr = rb, 0,9; t)
n(r,0,9; t) = h . (38)

. -3 VoL s -2 L
in cCm when n 1s 1n cm and h 1is in cm,

21



III. -ATMOSPHERIC SOURCE AND LOSS MECHANISMS

A. Source Mechanisms

1. Discussion

A number of natural source mechanisms have been proposed by
various authors (Refs. 2-9) for the gases in the tenuous lunar
atmosphere. They fall into two main categories. In the first are
the sources assumed in the lunar surface crust itself, while in
the second category are the influx of ions from the sun. The model

chosen for the natural lunar atmosphere in this report is that of
Hinton and Taeusch (Ref. 2)

In addition to the natural sources, manned and unmanned expedi=

tions to the moon will introduce artificial or contaminant sources

into the natural lunar environment. Major among these will be the

exhaust gases from large, manned lunar landing vehicles. In par- -

ticular, the Lunar Module (LM) will exhaust a relatively large
amount of gas in its descent to the 1unar‘surface. Because a
knowledge of the distribution of rocket exhaust contaminants is

of particular importance to the lunar-surface-and-atmosphere
sample collection and analysis ' uses of the LM mission, and since
this source can be represented in a suitable way for treatment by
cur Models I and 11, we consider this case as an example of varia-

tions in the natural lunar atmosphere.

‘2. Model 1

In the differential equation [cf. Sec. II, Eq. (1) ] for this
model we have introduced two source terms, B and C(t). We now
let B represent the natural sources of the lunar atmosphere and
C(t) represent the LM exhaust source. Following Hinton and

Taeusch (Ref. 2), we have expressed B in the form

22
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2 2 .
B = XJWrO + Js4wro ’ . . (39)

B/AV in Eqs. (3) and (4). The first

‘term in Eq. (39) represents the number of particles of a given gas

and we have chosen no

species emitted per second into the lunar atmosphere due to the

neutralization and diffuse reflection of solar wind ions at the

e

lunar surface. The solar wind is assumed to have a uniform flux

of J positive ions per cm2 per ‘second at each point on the

[ewe |

sunlit side of the lunar surface. Then the effective capture cross

. . . 2 .
section of the moon for these ions is LN where r, is the lunar

radius. They strike the moon, are neutralized, and reemitted as
neutral gas atoms with a Maxwellian distribution of velocities at
the temperature of the surface. This is pictured as process Bl

in Fig. 4. X 'represents the fraction of positive ions of a

3 & 3

£33

[A=a,+a,+A;+4,] [8=8,+8,

e

[ vime

Fig. 4 Pictorialization of the Lunar Atmospheric Source
and Loss Mechanisms
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particular species in the solar wind. Since the solar wind is com-
posed chiefly of protons, alpha particles, and electrons, follow-
ing Hinton and Taeusch (Ref. 2), who in turn adapted their estimates
from Allexr's wofk (Ref. 10), we have taken X = 0.86 for H and
X = 0 for all the other species in the IM exhaust (cf. Table 1).

This process thus becomes an important source of H atoms in the

natural lunar atmosphere.

The second term in Eq.‘(39) represents the number of particles

of a given gas species emitted per second into the lunar atmosphere

due to the flux, JS, of such gas particles from sources in the

lunar surface crust. This is pictured as process B2 in Fig. 4.

At present any estimates of these natural surface sources must be
considered-to be quite speculative. Hinton and Taeusch (Ref. 2)
estimate that JS = 1.5 x 105 molecules per cm2 per sec 1is the
average value for water vapor flux for the entire lunar surface due
to the evaporation of ice, which possibly has been retained on those
portions of the lunar surface that are permanently shaded from the

sun. For 4all the other gas.- species that appear in the IM exhaust

(Table 1), we have taken Jg = 0, although the literature does

contain estimates of JS for some of these species. For example,
Vestine (Ref. 8) gives estimates of J_ for CO2 based on the
assumptions that the composition of the moon is similar to the earth!

crust and mantle, and that its yield per year is proportional to

- .10
gly high value of Jg = 10

the surface area. Hec gives the seemin

molecules/cm™sec.
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1t should be stressed that the aim of our calculations is to
find the contributions made to the lunar atmosphere by the IM ex-

haust géses,vﬁdxﬁlare independent of the actual composition of the

lunar atmosphere.

The major species of exhaust gases emanating from the descent
engine *of the IM are listed in Table 1. In this simple Model I we
assume that a total mass, M, of exhaust gas strikes the lunar
surface (spreads uniformly), accommodates to the surface tempera-
ture and then is reemitted at a uniform rate in the time 7T sec-
cnds. This is pictured as process C in Fig. 4. Thus, the atmo-
spheric source term C(t) for the LM exhaust gases is given by

Eqs. (2) with Dl defined by the equation

NAYM o
Dl T oWt (40)
where
Y = mole fraction of a given species of gas in
the exhaust,
M = total mass of exhaust gas in grams, arbi-

trarily chosen as lO7 grams,
NA = Avogadro's number,

W = molecular weight of the given species of gas.

i

mole fractions (Y) of the major species of gases in the ex-

o~
o

»

or

i

au t of the LM descent engine are listed in Table 1.
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In our calculations we have chosen the values 100 seconds

~and 1000 seconds for T as reasonable estimates.

3. Model II

In this model we have taken the atmospheric sources to be
oijk [cf. Sec. 1I.3, Eq. (36)] distributed over

the lunar surface. In our calculations using this model we have

point sources (

ignored the natural sources and treated as atmospheric sources only
the LM descent exhaust distributed on the lunar surface., The ini-
tial spatial distribution of .the LM exhaust gas as it impinges on
the lunar surface is taken as known input from far-field gas dynam-
ics calculations (cf. Sec. IV A of Ref. 11). These calculations
yield the total mass per unit area, m(@i,mj) (in slugs/ftz), of
LM exhaust gas that impinges on the lunar surface at the point

(Gi,@j) for a given LM descent trajectory.

' Assuming that a fraction, £ of these fast particles of a

1’
given speciesstick to the lunar surface for periods that are long
compared to the observation time t,  then the number, ni}, of

molecules of this exhaust gas specie that are emitted per cm2 is

given by

32.17 x 105 NpYm(0;,95)

1]

n,, = a-£) (41a)

13 5.205(30.48)2

where the parameters NA’ Y, W were defined in Section III.A.2
above and the numerical factor completes the conversion from
slugs/ft2 to moleculesfcmg. We have divided the lunar region
over which the exhaust i; distributed into small areas,

r, sin GiAQiij, and assumed each species of exhaust gas is
reemitted at a time tk from each area element as a point source

q located at its center (Gi,¢j).

oijk

27



To determine the source strength, qoijk’ equate the total
molecules emitted by this small area as obtained from Eq. (4la) to

those as given by using a point source

‘q(e,cp,t) =q S (T ui)s(cp - cpj)a(t - tk) y (41b)

oijk
similar to that in Eqs. (26) and (29), but at a general point
(ei,mj) rather than at the pole. Therefore,

t

2 . _ ) o ) 2
: nijro sin GiAGiAGj-— qoijkﬁ(u ui)S(Q mj)ﬁ(t tk)ro dudedt

0 AQj Aei

so that the source strength in molecules per cm2 is

qoijk = nij sin QLAGiAQj

32.17 x 105 NaYm(9,,95)

(1L - £,)sin 6,A0.AQ, (41c)
2.205 x (30.48) 2 W ! SR

In the -present calcdlations, we used the m(Gi,¢j) calcula-
ted (Ref. 11) for a LM trajectory that yielded a uniform distribution
with respect to ¢ about the plane mj = 0. It was found that
m(ei,¢j) =~ 0 for Gi > 10° when the LM touchdown point is chosen
as the pole of the spherical coordinate system and the origin is

chosen at center of the moon (Fig. 3).

B. Loss Mechanisms

1. Discussion

Gas particles can be lost from an atmosphere by a number of

- Processes. They can be lost by interactions with other atmospheric

28
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gas particles, solar wind ions, solar photons, the lunar surface,
and also by thermal evaporation (Jean's escape mechanism) from the

top of the atmosphere.

In the tenuous lunar atmosphere [< 106 atoms/cm3 is estimated
by Elsmore (Ref. 12)] the mean-free-path between collisions is so
large that we can consider collisions between the atmospheric gas

particles to be negligible as a loss mechanism.

The solar wind total positive ion flux J in ions/cmzsec is
known to vary with solar activity, so that the flux XJ of a posi-
tive ion species of relative amount X in the solar wind will vary
with time. Although we have used two values (109 and 1012
ions/cmzsec) of J 1in our calculations of the atmospheric gas
densities, we have assumed a constant value of 500 km/sec for
the stream velocity. At this velocity the energies of the protons
and -alpha particles, which form the major* positive ion constituents
of the solar wind, are such (of the order of 1 keV) that their
important interactions with the atmospheric gas particles are elas-
tic collisions and charge exchange collisions. These are pictured
as processes A2 and Al, respectively, in Fig. 4. Estimates

(with order of magnitude accuracy) of the cross sections Oy

(ct. discussion Sec. III.B.2 below) and 9o (chief source was Ref. 15)

for these processes are listed in Table 1. The cross sections are
much smaller for these collision processes when' 500 km/sec elec-
trons (E ~ 1 ev) are incident ﬁpon the atmospheric gases. There-
fore, we have neglected electrons interacting with the atmospheric

gases as an important loss mechanism,

*
Following Hinton and Taeusch (Ref. 2) we have chosen X = .86 for
and X = .14 for Hett,
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Solar photons in the ultraviolet region of the spectrum can
jonize and dissociate the atmospheric gases. AThese processes are
i pictured as Ag in Fig. 4. Using Hinterreger's estimates (Ref. 13)
of the solar photon flux ®O, together with estimates of photo-
ionization and photodissociation cross sections, we have listed in
5 Table 1 the combined loss rates Zo@o due to photoionization and
photodissociation of the gas species in the LM exhaust. It should
be noted that while photoionization cross sections are available
from the literature, photodissociation cross sections are not. We
estimated these from the total photoabsorption cross sections that

are available in the literature (chief source was Ref. 16)

To calculate the thermal evaporation we assume the lunar atmo-
sphere is collisionless, isothermal at the temperature, T,
of the lunar surfacé, of volume, V, and scale height, h, with
the lunar surface as its base. Then, the rate of evaporation from
the top of the atmosphere of the high velocity particles, which

form the tail of the Maxwellian distribution of particle velocities

in this atmosphere, is given by Jean's formula (Ref. 14) in sec:-l
sl ¢ -r/h r
A (l + E> s (42)
where the mean thermal speed is
c \/f%?, (43)
r=1r +h,

o

and m is the mass of a gas particle. This loss meclanism is pic-

tured as A4 in Fig. 4. 1In a Eirst approximation we have chosen
r=r
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The losses due to the interactions between the gas particles

and the 1unér surface are discussed below undér Models I and II.

2. Model I

The loss rate (in sec-l) for the mechanisms discussed above
(Sec. III.B.l) are mathematically represented in this model by the
quantity A in Eq. (1). Adopting the Hinton and Taeusch (Ref. 2)
notation we write this in the form .

2 ,
BJJ oL, + ) Xo)) + 'oq> +;—T\792er/h(1+-r——)}o (44)

The first term of this equation represents the rate at which
an atmospheric particle is lost as the result of an elastic colli-
sion with a solar wind ion. J 1is again the total positive ion
flux in the solar wind per cm2 pef sec. As a first approximation
we have ignored the difference between protons and alpha particles
for the elastic scattering of the atmospheric particles and have
considered the cross sections G;Z for scattering through all
angles greater than a minimum angle, so that the atmospheric parti-
cle gains at least enough energy in the process to enable it to
escape. For the hea?ier atmospheric partic}es (NZ’ co, C02, NO,
02) listed i? Table 1 we have estimated Ou g py interpolation
from those ) calculated by Hinton and Taeusch (Ref. 2) for Ar,
Kr, and Xe wusing the Thomas-Fermi atomic model. For the lighter

particles (H, H,, 0, 0d, H20) in Table 1, where the Thomas-Fermi.

2’
model presumably does not apply, we have used the gas kinetic cross

1
sections Oy (Refs. 2 and 14) and assumed Ouy & O pe Also, a

factor v 1is introduced in the first term of Eq. (44) to allow for
the average geometric probability that a particle receiving enough

energy in an elastic collision will actually be ejected from the
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atmosphere and not hit the moon and be reflected back into the atmo-
sphere. Following Hinton and Taeusch (Ref. 2) we have taken ; =1

for the very light gases H, H2 (which have large scale heights)
and ; = 1/2 for the other gases.

The second term of Eq. (44) represents the rate at which an
atmospheric particle is lost as the result of a charge exchange
collision with an incident solar wind ion. In the collision, the
neutral atmospheric particle transfers one or two of its electrons
to the incident ion, thereby becoming a'positive.ion that is swept

away by the solar wind and its accompanying magnetic field, before

it can recombine in the tenuous atmosphere. However, in analogy with

the case of elastic collisions, we must account for those particles
that do not actually escape because they are swept toward the lunar
surface with sufficient energy to overcome the small positive poten-
tial of the surface, are neutralized there and reemitted into the

atmosphere. In Hinton and Taeusch's (Ref. 2) notation we let

Oy = the (measured, calculated or'estimated) Cross
section for the charge exchange scattering of a
proton or o particle by an atmospheric gas
particle (cf. Table 1),

. ,
Ouy = the charge exchange "escape" cross section,

and the necessary energy to reach the positiveiy charged lunar sur-
face is arbitrarily set equal to the gravitational escape energy.
In terms of ;, defined above, - (1 - ;)_ is the average geometric
probability that a charge-exchanged particle will hit the lunar
surface and (1 -';)G;X is the cross section for such particles
being reemitted as neutrals t, the atmosphere. Thus, the average

cross section for actual loss of particles from the atmosphere by

the charge exchange mechanism is
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1
To calculate Oax? it is assumed that

1 1

Oex Oe s
g = g s (46)
ex el

where Table 1 contains the cross sections needed for the calcula-
tions. It is seen that, where measurements are available, the
difference between H' (X = 0.86) and He'' (X = 0.14) in

charge exchange reactions has been noted,

The third and fourth terms in Eq. (44) represent the photo-
ionization 4 photodisionization rate and the thermal evaporation

rate, respectively, as discussed above in Sec. III.B.l.

The factor B, by which the loss rate terms due to solar
wind and photon interactions are multiplied in Eq. (44), is the
fraction of the particles of a given species in the atmosphere
that is exposed to the sun. The assumed values of B for Model 1
are listed in Table 1. Since the light particles H and H2
should have densities that are fairly constant over the lunar sur-
face and also large scale height, h, because of their small mass,
most of their scale volume, V, 1is exposed to the sun. Thus, we
take 5‘= 1 for these, For the heavier partic’es we have taken

B =1/2.

To account for the loss due to the interact.on between .the gas
particles and the lunar surface, in this model we may introduce a

factor £ 1in Eq. (40) so that the source term D] becomes

o - NAYfM
1 Wt ?

(47)
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where £ = the fraction of exhaust gas of a given species that hits
the surface and is reemitted in the time 7. ATherefore, through
the factor £, we can allow for the possibility that a fraction

(1 - £) of the impinging exhaust gas sticks to the lunar surface
and is not reemitted into the atmosphere. In analogy, similar
allowance for sticking to the surface can be made in the first term
of B in Eq. (39) and in the second term of A 1in Eq. (44). How-
ever, in the present calculations, in Model I we have assumed no
long term sticking of the gas molecules to the lunar surface,

i.e., £ =1.
3. Model II

Recall that in our present calculations the only atmospheric
source considered in this model is the exhaust gas from the descent
rockets of the LM (Sec. IIL.A.3). 1In addition to the loss rate A,
Eq.  (44), discussed above, we now wish to allow for losses due to
possible adsorption of the exhaust gas on the lunar surface. As dis-
cussed above [Eqs. (4lc) ]we assume that a fraction, fl’ of the
impinging, fast moving (<~ 3 km/sec) exhaust gas sticks to the
lunar surface upon initial impact and adheres for times long com-.

pared to the observation time ¢t,

Furthermore, we assume that in the course of the two dimensional
diffusion from the point sources of the thermalized molecules, a frac-
tion, f2’ of these slowly moving molecules adheres to the lunar
surface for times long compared to the observation time t. Thus,
in this model the loss rate K' ‘[Eqs. (8), (36)] contains in addi-
tion to the loss rate A of Eq. (44), a term for the rate of loss
due to surface sticking of the diffusing thermalized mslecules:

, cf

K =-4- 2

- (48)

I
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The values of the adsorption coefficients f1 and f2 for
the various gas species in the LM exhaust are listed in Table 2,
together with desorption times T These were calculated (Ref. 11)
for chemical adsorption to a silicate model of the lunar surface.

The temperature of the lunar surface was taken as constant at 300°K.

Since the true adsorption coefficients and desorption times
are dependent upon the nature of the.lunar surface material, which
1° f2, and T, in Table 2

must be considered as extremely rough estimates only. In our calcu-

is presently unknown, the values of f

lations, we have taken f1 =~f2 = 0 for thoie ggs species (HZ’ Co,
CO,, H) that have small desorption times (< 10~ sec), since dif-
fusion theory is not valid for times less than the time it takes a
molecule to move through a distance of several mean free paths. For
the other gas species in Table 2, which have effectively infinite
desqrption times, we have performed our calculations with the fl
and .f2 values listed and also with f1 = f2 = 0, '
In this model we have set B =1 in Eq. (44) for all the ex-
haust species, since for the times and positions of greatest imme-
diate practical interest, (near the LM, within 1 day of landing),
the dominant effects probably occur with the bulk of the molecules

in sunlight.
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Table 2

VALUES OF SOME ADDITIONAL INPUT PARAMETERS FOR MODEL II

Exhaust’
Species 1

To(sec) Z(km/sec) 7\‘(102 km) D‘(kmzlsec)

H,0 0.9750 0.99912

2

N, 0.947 0.99885
H, 0.9926 0.99760
cO  0.874 0.99768
co, 0.779 0.99767
H  0.997 0.99732
OH ' 0.987 0.999%7
NO  0.985 0.99965
0, 0.933 0.99885
0O  0.985 0.99934

. 0.645
- 0.517
3.2 x 105 1.93
8.7 x 105 0.517
8.7 x 10°  0.412
1.5 x 10> 2.73
. 0.664
. 0.499
. 0.483
- 0.684

2.57
1.65
23.0
1.65
1.05
46.0
2.72
1.54
1.44
2.89

39.0

20.1
10.5 x 10°
20.1
10.2
29.6 x 107
42.6
18.1
16.4

46 .6

T . .
These values were calculated from the equation

22
AN = = gin 2a
m

derived from the laws of kinematics for motion of the thermalized

gas particles on a plane surface after they are reemitted with a

velocity

v = C cOos a ,

and we have chosen a = 45° as the average angle of reemission.
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Iv. RESULTS

A. Model I

For each species of the exhaust gas, we have calculated the

number density n(t) from Eqs. (3) and (4) for 0 <t < lO7 seconds

a2 7 -2

9 and lO1 cm sec—l.

with 7 = 100 and 1000 seconds, J = 10
In all cases, T = 300°K and £ = l. These results are shown in
Figs. 5 through 15. 1In the figureé, which are reproductions of
CALCOMP plots, the'FORTRAN symbols NO(TT) and TT represent
n(t) in particles/cm3 and t in seconds, respectively. Also,
f is represented by the FORTRAN symbol F. It should be noted
that the number density in each figure is the total of the Hinton
and Taeusch (Ref. 2) ambient atmosphere plus the LM exhaust for
that particular gas species. Since the log-log plots necessarily
distort the values NO(TT) = 0, it should be understood that
NO(TT) = 0 at TT = 0 for all the gases except H20 and H.

B. Model II

For each specieé of the exhaust gas, we have calculated in

Model II n(6,9,t) for 103 <t < 107 seconds at several values

of 6 when J = 109 cm'—2 sec-:l ;nd T = 300°K, for the case of

no sticking, fl = f2 = 0, and for the case in which the sticking

coefficients have the values listed in Table 2. The results are

shown in the graphs of Figs. 16;51,T where N(PHE) 1is the value

of n(6,9,t) in particles/cm3, T 1is the time t 1in seconds and
1 f

to the start ol the powered descent of 1M, which is some 500 sec-

o Yepresent f 9 respectively. Zero time corresponds

onds before touchdown. It should be noted that tae number density,

TFigures 16 through 45 are photo reproductions of CALCOMP computer
plots made on log-log graph paper using a scale that permits only
four cycles on the ordinate axis. This limitation of the mechani-
cal plotter, of course, distorts the curves at large values of T
when the N(PHE) values are too small to fit on the scale. Such
values are all represented by points plotted on the abscissa axis.
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N(PHE), in each figure is that for the LM exhaust only, exclud-

ing the Hinton and Taeusch ambient atﬁospheré. The values 0,001°,

0.01°, 90°, and 180° chosen for 6 (indicated by THETA on the
figures) correspond to the distances of approximately 30 meters,
300 meters, 2800, and 5600 km, respectively, from the LM touch-

down point, which is the pole of our spherical coordinate system,
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V. DISCUSSION OF RESULTS.

A. Model T

.. The results presented in Figs. 5-15 for this simple model
représent.an "averaged" contamination of the lunar atmosphere by
the LM exhaust gases. This model should yield the asymptotic
values of the contaminant gas densities approached by space depen-~
dent distribution models, such as our Model II, at times long after

rocket shutoff,

In Model I we have assumed that the total mass of LM exhaust
(nominally chosen as 10 metric tons) hits the lunar surface,
spreads uniformly over the surface, accommodates to the temperature
of the surface (chosen to have a value of 300°K) and is reemitted
in its entirety (f = 1) into the lunar atmosphere at a constant
rate in the time interval 1 (chosen as 100 and 1000 seconds).
In the actual powered descent phase of the LM, the trajectory bf
the LM and the exit velocities of the exhaust gases are such that
approximately 90 percent of the total exhaust will be lost into
space, and of the remaining approximately 10 percent that does
strike the surface, some will stick for long periods of time. How-
ever, Model II does take cognizance of actual LM descent charac-
teristics and the surface sticking of exhaust particles and, there-
fore, the results (cf. Figs. 16-51) are more reélistic estimates
of the intensities and distributions of the LM contaminants in

the lunar atmosphere.

In comparing the Model I and Model II results, it should be re-
talled that our Model I results (Figs. 5-15) give the total of the
Hinton and Taeusch ambient atmosphere plus the LM exhaust number
density for each gas species in the exhaust, while Model II re-

sults (Figs. 16-51) give the number density for the LM exhaust
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gas species only. Of the species present in ;he LM exhaust, Hzo
and H are also present in the Hinton Taeusch ambient atmosphere.
Furthermore, a total mass of 10 metric tons of exhaust strikes
the lunar surface in Model I, while approximately 1 metric ton of
exhaust strikes it in Model II. Then, making the appropriate com-
parisons of the results for Model I (Figs. 5-15) with the results
for Model II (Figs. 16-46), at times after a uniform distribution
has been réached, it is seen that Model II number densities do
approach the Model I densities. [H2 is an exception, which is
probably due to the crude B(= 1) value chosen for it in Model IIL].
For example, in Fig. 46 the densities (in cm-3) of CO are
plotted against the time (in secs) for Models I and I1. We have
scaled the Model I densities down by a factor of 1/10 to account
for the 10 times larger initial total mass of exhaust assumed in
Model I. It is clear that Model II densities approach those of
Model I after some few days, when a uniform distribution over the
surface is attained in Model 1II.

It is seen from Figs. 5-15 that HZO’ NZ’ and CO make the
largest contributions in this simple model over periods greater
than 1 day. If a total mass of 10 metric tons of exhaust strikes
the lunar surface, water vapor, the contaminant of greatest seleno~
physical interest, reaches a maximum partiéle density of approxi-
mately ZO'times that predicted (Ref. 2) for its abundance in the
ambient atmosphere. It is clear from the figures that, except for
hydrogen (H), the effect of an increase in the solar wind flux
(J) 1is to decrease the density and decay times of the contaminants.
The solar wind tends to sweep the atmosphere clean of all contami-
nants except H. In the case of H, the solar wind protons (ﬁ+)
are jeutralized and diffusely reflected by the lunar surface and
thus add to the H content of the atmosphere. This effect, of

course, increases with an increase in solar wind flux. For con-
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venience of comparison, we have plotted in Fig. 5 the Model I den-
sities (in cm-3) of H20, H, and 02 against the time (in secs)

for J =10° and J = 10-2 2

(cm sec 1) for T = 1000 secs:

Figure 6 compares the Model I densities of atomic oxygen for

two values of 7 (= 102, 103 secs) and J(= 109, 1012

cm” sec). Figure 7 makes the same comparisons for water vapor. The

particles/

behavior with T exhibited in Fig. 6 and discussed in Sec. IIL.A.3
above is characteristic of the densities of all the exhaust species
2O and H.

For brevity we have not included in this report the figures for

for which B = 0 (= no), i.e. all species except H
the remaining species in Table 1 when 1t = 100 secs.

B. Model II

For this more realistic model, the space and time distributions
of the particle number densities for the IM contaminant gases in
the lunar atmosphere are shown in Figs. 16-51. Results are obtained
for the region of prime interest for the first Apollo mission, that
is, within 300 meters of LM touchdown, for a simulated LM descent

trajectory that lies wholly in the plane of a lunar great circle.

This was chosen as the lunar meridional plane, i.e., the ¢ = 0 plane.

Results are also shown for the particle densities at large distances
(up to 5600 km) from the LM touchdown point. The total mass of
the LM exhaust gases vas arbitrarily chosen aé 10 metric tons, of
which 1 metric ton recches the surface of the moon from the far-
field gas flow. This is confined almost exclusively to the region
enclosed by the 10° latitude circle about the LM touchdown point

(pole).T The number dersity calculations were performed 1) using

TSee Table 11, p. 60 of Ref. 11.
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" the sticking coefficients in Table 2 and, also 2) under the assump-

tions of no sticking to the lunar surface. The sticking coeffi-
cients used (Table 2) were obtained from Sec. IV.F and G of Ref. 1l.
We have included only chemical sticking since the physical sticking
coefficients have desorption times that are very short (~ several

1 -
seconds) compared to the relatively long times (A /c ~ 103 seconds)

-needed for the diffusion equation [Eq. (8)] to be applicable.

It is clear from Fig. 50 and Figs. 16-44 that the single most
important loss mechanism is that of adsorption to the lunar surface.
Unfortunately, this effect is probably also the least well knéwn of
the loss mechanisms, due to the general lack of knowledge of the
physical and chemical properties of the lunar surface. This, com-
bined with the fact that the solar wind itself is not well known,
makes the theoretical determination of the structure of the lunar
atmosphere and its contamination very uncertain, and at best only

order of magnitude estimates can be expected.

In Model II, only the far-field input has been considered
since estimates of the near-field contribution to the atmosphere

indicate that it is small compared to the far-field contribution.

The results presented in Figs. 16-51 are for a solar wind flux
of - lO9 positive ions pef cu? per second, which approximates
average solar wind parameters. However, since the first Apollo
mission will be near the tine of solar maximum, it is anticipated
that the solar wind will be more intense than average. Larger
solar wind fluxes will lead to smaller decay times for the exhaust
contaminants and thereby effect a faster removal of the contami-

nants from the lunar atmosphe:‘e.

For both models, the values of the parameter ; chosen for
each gas Species are given ir. Table 1. We recall that this parame-

ter is an attempt to represent the geometric probability that a
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particle receiving enough energy in a collision to enable it to
escape will actually escape and therefore be lost to the atmosphere.
Following the reasoning of Hinton and Taeusch in Ref. 2, we have

chosen ; = 1 for the light gases H and H and ; =1/2 for

P
the remaining heavy gases in the LM exhaust.2
In Mbdel IT we have chosen B =1 for all the exhaust gas
species. This parameter represents the fraction of the particles
in the atmosphere that are exposed-to the sun. As distinguished
from Model I, where the exhaust gaées were assumed uniformly dis-
tributed over the lunar surface so that B =1/2 was chosen as a

reasonable value (except for the light gases H and H, where

2
B =1 was chosen), the values of B =1 in Model II account for

the fact that the gases, except H and H diffuse slowly from

2’
the sunlit side (where LM in the first Apollo mission will land)

to the dark side. For H and H which diffuse quickly, the

2’
value B = 1 1is probably crude. In fact, in the case of H,
which has in addition to the LM exhaust source an additional
source due to neutralization of the solar wind protons, there should

probably be two parameters £ instead of one.

The values of the cross sections listed in Table 1 are reason-
able esﬁimatés gleane& from the limited literature on these colli-
sion processes. The literature is particularly scant on photodisso-
ciation cross sections, so that these were estimated from the more

~abundant literature on total photoabsorption w:ross sections.

Finally, it should be pointed out that the results for very
early times (5 103 sec) are not valid; since for the diffusion

theory to apply the gas molecule must have undergone at least

several hops along the surface.
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The present calculations have shown that:

a) For a given latitude (6). on the lunar surface,
“the particle density for any atmospheric contami-
nant species is not a function of the longitude .
For example, see Fig. 47 where the density of HZO
is plotted for 6 = 90° and ¢ = 0°, 90°, 180°.
The other exhaust species exhibit a similar @
-behavior. Thus the Model II results presented in

all the other figures are at ¢ = 0°.

b) In the region of LM touchdown, the particle
density of the contaminants in the atmosphere
does not change with distance for distances of
30 meters to 300 meters from touchdown. There-
fore,'the graphs for 30 meters (& = 0.001°) are
jdentical to those for 300 meters (6 = 0.01°),

which are shown in the figures below.

It is seen from Fig. 48 and from Figs. 16-45, by comparing the
~ densities for the no sticking (fl = £2 = () cases near the

(6 = 0.01°) with those at large distances (9 = 90°, 180°), that
the light molecules H (Figs. 31-33) and H2 (Figs. 22-24) are
uniformly distributéd in the atmosphere over the moon's surface in
a couple of hours, while the heavier contaminants, CO2 (Figs. 28-30)
and 0, (Figs. 40-42), require approximately six days to attain
such a uniform distribution. The other contaminants have distribu-
tion times between these extremes with that of HZO yeing approxi-
mately two days. It is also clear that for the case cf no sticking,
the particle number densities of the contaminants are sufficiently
large for significantly long times both in the viecinit/ of" LM
touchdown (Fig. 49) and also at great distances that taey should be

readily de;ectable by standard instruments. Indeed, if the present
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experimental and theoretical estimates (Refs. 2, 12) of approxi-
mately lO6 particles/cm3 for the ambient lunar atmosphere are
correct, and there is no sticking of the exhaust contaminants to
fhe surface,Athen the tctal particle number density of the contami-
nénts in the vicinity of the LM 1is of the order of the ambient
atmosphere for the first day after touchdown‘(Fig. 51)? However,

in the event that sticking to the surface occurs to the extent that

.we have estimated, those contaminants which have nonzero sticking

coefficients (H, O, N,, OH, NO, O,, 0) will be detectable in the

P s
atmosphere only by morz sensitive ?nstruments in the vicinity of
LM touchdown and then only during the first few hours after touch-
down (Fig. 50). After this time period, only trace amounts

(< 10_4 particles/cmB) of such contaminants will be present in

the lunar atmosphere. At great distances from the LM touchdown,
such contaminants will never be present in more than trace amounts.
The contaminants H, Hy, €O, and CO, with zero sticking coeffi-
cients will predominate in the lunar atmosphere, with €O and

002 being most prevalent and most persistent.

TIn this figure, the curves are obtained by summing the calculated
densities of all the LM exhaust species for the cases of

(a) no sticking: fl = f2 = 0 for all species,
(b) sticking: fl’ f2 have the values listed in
Table 2,

- and plotting these against time. The majior contributions to the
"sticking" curve are from those species (Hp, €O, COyp, H) that

have zero sticking coefficients (Table 2). The "Total Ambient"
and "Ambient H + HpO" lines are obtained from the steady state

calculations of Hinton and Taeusch (Ref. 2).
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Finally, the amount of atmospheric contamination for other
values of the sticking coefficients can be estimated rbughly from
the figures (except for H, H2, Co, COZ)' In addition to the cases
of zerq:sticking and large sticking, there is the additional
(triviéi) case of complete sticking, f1 = f2 = 1,0, which corre-
sponds to zero atmospheric contamination (except for a small orbi-
tal component that decays with the time constant A-l) at all
? times after the first contact of the LM exhaust gases with the
| surface, Thus, it is possible to interpolate roughly between
these three values of the sticking coefficiehts to find the con-

tamination for .intermediate sticking values.

C. Approximate Formula

1 It is possible to obtain a simple approximate form for the
atmospheric density [Eq. (38) ] of the various contaminant species

in the LM exhaust. We start by assuming that the LM exhaust

that strikes the lunar surface is concentrated at the LM touch-
down site (6 = 0°, ¢ = 0°), so that it constitutes a single point
source for the atmosphere. Since there is now only one point source

at

Ybijk = Yo’ ‘ (49)

cos a = cos 0 = |,

and using Eq. (36), Eq. (37) takes the explicit form

q -k | (-t >

' )
n 6,9,t) = Ef e k

u'(t- £, 2 (22+1)P, (W) e 2t (4+1) , (50)

£=0
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n(@,cp,t)z‘zge U (t-t

where

a=l e . 6L
r

(o]

When a is small (< 1), taking £ as a continuous rather than
S .

a discrete parameter, Eq. (50) can be approximated by

q, -IK (et _
k D | @rne,w 2D gy

For an observer in the vicinity of the LM touchdown site, 6 = 0°,

q)zoog

1 cQ
q. -|K J(==t)) -
n'(0°,0°,t) ~ 2 e Kouteeey | @i D ap
0
q -1K | (et ; ‘
9 k) v, S| 4 ~af (D)
~ e U (t .tk)( a) 17 € ds ,
0
1
v q, ~IK (et |
n (0°,0°%,t) = 2a © U (tf'tk) . (52)

Substituting Eq. (52) for the surface density (in cm ©) into -
Eq. (38), we obtain the approximate formula for the volume density

(in cm ) in the vicinity of the LM touchdown site:
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n(r,0°,0% £) ~ 2 E——s— 't - £ , (53)
, 2hD k

where' h 1is the scale height (in cms) of a given species of
LM exhaust gas and 9, is the strength (in molecules/cmz) of
the single source for this species placed at the LM touchdown

point.

To determine q, consider a total mass, M (in gms), of
exhaust gas striking the surface so that the number of molecules
of a given specie reemitted is given by

MNAY

T (r - fl) . (54&)
Representing the single point source for a given specie by
1, 9,8) = 94,5189 - 9)0(t - &) , (54b)

an expression for 1, is obtained by equating the total number of

molecules emitted as expressed by (54a) and by the integral of

Eq. (54b) over the time variable and over the surface of the moon:
MN, Y | PR

v (L - fl) = qoa(u)B(w - @j)ﬁ(t - tk)ro dpdedt

yielding 9, in molecules per cm2:

MNAY

qO =~ (1 - fl) . (55)
roW
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Since a <1, from Eq. (51) and Table 2 it is clear that

the apprbximate formula, Eq. (53), holds for '103 <t - tk < lO5

for all the exhaust gas species except H and HZ’ in which
4

case 103 <t - tk < 107, where the lower limit in both cases,

t -t > 103 secs, follows from the fact that the diffusion

theory is applicable only for times greater than the mean time

t —
(Me ~ 103 seconds) Dbetween impacts of the diffusing particles

with the lunar surface.

e

It was found that Eq. (53) gives better than order of magni-

tude agreement with the computer calculations of the atmospheric

3

density of the LM exhaust species in the vicinity of the 1M

touchdown point.

£2 €& g & O

e a2

an &
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Fig, 5 H2
. 3
Particles/cm
with J = 1012

i,
e

0, H, 02 — Comparison of Model I Results (Number of

. . : )
versus Time in Seconds) for J = 10
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Fig., 46 Comparison of Model I Densities (Scaled Down by a Fad¢tor of
1/10) with Model II Densities for CO. No Sticking
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Fig. 47 Comparison of 'tbéiMdd_el=.Ii 'DénSitiésyof" HQOfOYThree Vaiues
of ¢ when 6 = 90°, No Sticking . .
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F =F,=0
J=10°
Temp = 300°K

6=,01°
0=90° —e-o-

Log T

Fig. 48 Comparison of Model II Densities of HZO’ H, 02 for 0 = ,01°
with 6 = 90°, No Sticking

6=,01°
J=10°

Temp = 300°K
F =F,=0

Log N

Fig, 49 Comparisons of the Variations with Time for Model II Densities
of Hzo, C02, NO, O, H at ‘0 = ,01°, No Sticking
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Fig. 50 Comparisons of Model II Densities of H20, 0 for the No
Sticking with the Sticking Case at 6 = ,01°
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Fig. 51 Variation of Total Densities of Contaminants with Time at
30 to 300 Meters from IM Touchdown
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